Objective: Excess intramyocellular triacylglycerol (IMTG), found especially in obese women, is slowly metabolized and, therefore, prone to longer exposure to intracellular desaturases. Accordingly, it was hypothesized that IMTG content correlates inversely with IMTG fatty acid (FA) saturation in sedentary subjects. In addition, it was validated if IMTG palmitic acid is associated with insulin resistance as suggested earlier.
Introduction
Sedentary insulin resistant obese subjects are likely to exhibit excess intramyocellular triacylglycerol (IMTG) compared to lean sedentary subjects. [1] [2] [3] [4] [5] [6] Paradoxically, in trained subjects and athletes, IMTG content may even exceed the IMTG of obese sedentary subjects. 7 However, in these subjects, IMTG content is very dynamic and may be reduced up till 30% after a training bout. 8 Thus, turnover rate of IMTG in trained subjects is high and provide fuels for oxidative metabolic processes. 9 In sedentary subjects, IMTG turnover is low, 10 and in contrast to trained subjects, IMTG is dispersedly allocated in the skeletal myocyte apart from the mitochondria. 11 IMTG content has been determined in a number of studies by proton magnetic resonance spectroscopy ( 1 H-MRS), 2, [12] [13] [14] electron microscopy and light microscopy after oil-red O staining, 1, 3, 7 and by biochemical means. 4, 5, 15 However, only a few data on IMTG fatty acid (FA) composition in man are available. Manco et al. 4 observed that IMTG palmitic acid (C16:0) was independently associated with insulin resistance in man, but failed to report on the long-chain polyunsaturated FA (LCPUFA) content of IMTG. We have found that obese patients after a very low calorie dietary 8 weeks intervention program exhibited substantial weight loss, improved insulin action and desaturated IMTG FA. 15 A description of the composition of this important fat depot in relation to its size may facilitate our understanding of FA turnover in the skeletal muscle. 16 It may be hypothesized that the enzymatic conversion of excess IMTG is increased because of a combination of slow turnover and a steady activity of intracellular FA desaturases, for example, stearoylCoA desaturase-1 (SCD-1) [16] [17] [18] [19] [20] on this IMTG depot and, accordingly, excess IMTG could be stipulated to be associated with a lower concentration of saturated FA.
We have reported earlier that obese sedentary women possess twice as much IMTG as do their male counterparts and lean sedentary women. 21 In obese sedentary women it was found that IMTG was associated with increased body fat mass but IMTG did not associate directly to insulin resistance and impaired glycemic control. Here, we report data on the IMTG FA composition of this previous group of obese men and women and lean sedentary control subjects. In particular, we aimed to verify our working hypothesis that IMTG content in sedentary subjects would correlate inversely with IMTG saturated FA and positively with desaturation of IMTG. In addition, we wanted to evaluate the findings of earlier in vitro trials 22, 23 and human trials 4, 24 , indicating that increased intramyocellular palmitic acid (C16:0) concentration may be associated with insulin resistance.
Methods

Study subjects
To investigate whether gender and IMTG content may impact on IMTG FA composition we merged data from subjects, who participated in two earlier studies in which skeletal muscle biopsies were obtained. 15, 25 This was done to improve statistical power. Fifteen nondiabetic obese subjects were recruited from one of the studies, 15 and 44 subjects including lean control subjects from the other study. 25 In total n ¼ 59 subjects were available for study, including 47 obese subjects (n ¼ 27 women) and 12 lean control subjects (n ¼ 7 women). Criteria for inclusion of subjects have been outlined in detail. 15, 25 In brief, medication for dyslipidemia including supplementation with fish oil, lipid lowering medication and insulin therapy for diabetes mellitus was not allowed. Diabetes was defined as two independent measurements of fasting plasma glucose X7.0 mmol l À1 or present use of anti-diabetic medication. Among the 13 patients with type 2 diabetes (T2DM) on inclusion only 2 were on oral anti-diabetic medication, and both patients paused this medication 7 days before examination and harvesting of muscle biopsies. Only one subject was on anti-hypertensive medication. All subjects adhered to a sedentary lifestyle and reported stable weight before the study. All obese subjects had a systolic blood pressure at 155 mm Hg or lower and a diastolic blood pressure of 95 mm Hg or lower. Obese subjects of body mass index levels from 28 to 45 kg m À2 were allowed for inclusion. Thereby, the study population was representative of subjects with a broad range of insulin action, glycemic control levels, level of obesity and body mass. All subjects were Caucasians. Informed written consent was obtained in accordance with Helsinki Declaration II. The local ethical committee approved the study.
Anthropometric measurements
Body weight and height were measured on a calibrated scale. Waist circumference was measured in the standing position between the top of the iliac crest and the lower rib margin on each side, while the patient exhaled, and with the tape parallel to the floor. Hip circumference was measured in the horizontal plane at the level of the maximal extension of the buttocks. Measurements of weight, height, waist and hip were carried out in duplicate and mean values were noted. Waist circumference was used as an indicator of abdominal fat distribution. 26 Total fat mass was determined by the tetrapolar bioelectric impedance technique using the Holtain body composition analyzer (Holtain Ltd, Crosswell, UK); four electrodes (AccuSensor CarboCone M55, Lynn Medical, Bloomfield Hills, MI, USA) were placed carefully to ensure reproducible measurements. 27 Impedance, weight, height, gender and age were used to calculate the amount of body fat using validated equations.
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Blood sampling and assays Subjects were told to not perform strenuous physical exercise within 48 h before blood sampling. After an overnight fast (10 h), a catheter was inserted in the antecubital vein for blood sampling. Handling and measurement of blood samples has been described earlier. 15, 25 Samples were analyzed for glucose, insulin, C-peptide, total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, triacylglycerol, free fatty acids (FFA), and glycosylated hemoglobin (HbA1C) by use of standardized procedures. FFA was measured in a subpopulation of 44 subjects only.
Muscle biopsy and measurement of IMTG content and FA composition A percutaneous muscle biopsy was obtained under local anesthesia using a Bergström needle (Depuy, Phoenix, AZ, USA) from the vastus lateralis. The specimen was immediately and carefully dissected for free of visible connective tissue, fat and blood and, thereafter, frozen in liquid nitrogen and stored at À801C until assayed. Extraction of muscle lipids in general followed the principle described by Folch et al. 29 and the actual procedure has been described in detail. 15 In brief, samples of skeletal muscle tissue were added to internal standard of C15:0 triacylglycerol followed by extraction of the total lipid material with chloroform/ methanol, 2:1 vol/vol, during homogenization with an UltraTurrax homogenizer (Ika Labortechnik, Staufen, Germany). ). Two FA indices were derived; PUFA n-3/n-6 is the ratio of the n-3 FA to the n-6 FA of PUFAs with X18 carbon units, and the unsaturation index, which is a measure of FA unsaturation, was calculated as the number of double bonds per FA residue multiplied by 100. 
Fp-insulin (pmol l À1 ) 13 (2) 80 (14) 86 (10) o0.001
353 (27) 826 (79) 1078 (98) o0.001 ). As expected, plasma levels of high-density lipoprotein cholesterol were lower and triacylglycerol were higher in obese women compared with lean women. Notably, among the subgroups of women with different glycemic control and body weight the differences in IMTG FA composition were small.
Data from 25 men are presented in Table 2 . Five men were lean and had NFG, 10 men were obese and had NFG, whereas 4 obese men had IFG and 6 obese men exhibited T2DM. Obese men with IFG/T2DM were merged into one group Muscle triacylglycerol desaturation in obesity SB Haugaard et al when presented according to body weight and glycemic category in Table 2 . IMTG content did not differ among these groups of men. Plasma level of high-density lipoprotein cholesterol was lower and triacylglycerol was higher in obese men compared with lean control subjects. Betweengroup differences in IMTG FA composition of men appeared to be small. When comparing IMTG FA composition between sex (significant differences Po0.05 are marked by asterisks for sub-groups and all subjects in Tables 1 and 2 ), differences were most pronounced for saturated FA (higher in men) and monounsaturated FA (higher in women) presented as boxplots in Figure 1 . After correction for IMTG content, the differences between women and men for saturated FA (Po0.001), palmitic acid (Po0.001), stearic acid (Po0.01) monounsaturated FA (Po0.005) and unsaturation index (Po0.05), respectively, remained significant.
IMTG content correlated significantly and inversely with total saturated FA, palmitic acid and stearic acid (Figure 2) , and IMTG correlated positively with total monounsaturated FA, oleic acid and unsaturation index (Figure 3) , all results of which are in line with our working hypothesis, that is that increased IMTG content would be associated with lower level of FA saturation. As indicated in the figure text (Figures 2  and 3 ) correction for sex and glycemic control did not attenuate the strengths of these correlations. However, only in women (r ¼ À0.54, Po0.002 and r ¼ 0.43, P ¼ 0.01) and in obese women (r ¼ À0.61, Po0.001 and r ¼ 0.53, Po0.005) but not in men (P ¼ NS) the correlations between IMTG content versus saturated and monounsaturated were significant. There were no significant associations between IMTG content and total PUFA, total LCPUFA or ratio of n-3/ n-6 PUFA, respectively (Figure 4) . Intracellular palmitic acid has been implicated in insulin resistance. 4, 22, 23 We observed significant positive correlations between IMTG palmitic acid versus insulin resistance (HOMA-IR), fasting glucose and level of HbA1c as presented in Figure 5 . Notably, after controlling for IMTG content and sex these correlations remained significant (see values in the legend of Figure 5 ). Content of IMTG did not correlate significantly with HOMA-IR, fasting glucose or HbA1c, although after correction for sex all r-values went positive (see values in the legend of Figure 5 ). Neither LCPUFA, PUFA n-3 or ratio of n-3/n-6 PUFA correlated significantly with the measures of glucose metabolism but the unsaturation index derived from IMTG FA composition correlated inversely with fasting plasma glucose and HbA1c in univariate analysis (r ¼ À0.31, Po0.02 and r ¼ À0.37, Po0.005) and after correction for sex and IMTG content (r ¼ À0.37, P ¼ 0.005; r ¼ À0.33, P ¼ 0.01) but not with HOMA-IR (data not shown). Additional correction for age did not attenuate the correlations between specific FA of IMTG and measures of glucose metabolism. After correction for sex, IMTG content and age, respectively, the correlations between HbA1c versus IMTG PUFA n-3 and ratio of n-3/n-6 PUFA appeared to be significant (r ¼ À0.29, Po0.05 and r ¼ À0.27, Po0.05). Figure 1 Box-plots of total saturated FA (upper panel) and total monounsaturated FA (lower panel) of IMTG in men (gray boxes) and women (white boxes), respectively. Subjects are presented in the following sub-groups; Group-1: lean subjects with normal fasting glucose (NFG), Group-2: obese subjects with (NFG), Group-3: obese subjects with impaired fasting glucose or type 2 diabetes mellitus (IFG þ DM). Boxes indicate 25, 50 and 75th percentile, whiskers 10 and 90th percentile, asterisks and circles represent outliers. P-values indicate differences between sex both among all subjects and between sub-groups of subjects. 
Discussion
This study showed that saturated FA content in IMTG is inversely correlated with total IMTG content in sedentary subjects, especially in women, and that monounsaturated FA and unsaturation index are increased in subjects with excess IMTG. The data support the notion that excess IMTG, which is likely to exhibit a slow turnover rate, to a higher degree is exposed to enzymatic activity from intracellular FA desaturases, and, therefore displays a higher degree of unsaturation. Increased palmitic acid in skeletal muscle structural lipids (phospholipids) and in IMTG has been linked previously to impaired insulin action in man. 4, 24 Studies in the rodent model 31 and in vitro investigations 22, 23 showed that increased palmitic acid may be associated with increased ceramide and diacylglycerol (DAG) production, both of which may exhibit a detrimental effect on insulin signaling. This study lends support to these previous results by showing a positive association between concentration of IMTG palmitic acid and insulin resistance, fasting glucose and a marker of mean plasma glucose over time, respectively, all associations of which could be demonstrated to be independent of gender and IMTG content. The association between unsaturation index of IMTG and glycemic control is a novel finding. In particular, these findings may help to explain that elevated IMTG in obese women elicited less insulin resistance than otherwise predicted. These considerations may also help to explain the observation that markers of insulin resistance and of low glucose clearance were not directly associated with content of IMTG in this study. As content of IMTG is likely to be gender specific showing increased IMTG in both lean 11, 32 and obese women, 21 it may be a limitation of earlier studies on the association of IMTG content and insulin resistance that they failed to correct for the gender distribution among study groups; for example, the findings in a study by Goodpaster et al., 33 which showed an association between insulin resistance and IMTG content, may possibly be explained by the greater fraction of women with a combined phenotype of obesity and T2DM compared with the relatively lower fraction of women in the study groups defined by nondiabetic obese and lean control subjects. Muscle triacylglycerol desaturation in obesity SB Haugaard et al
Limited human data are available to show whether a certain dietary FA composition impact on IMTG FA composition in man. 34 Dietary saturated FA but not n-6 PUFA induce insulin resistance and increase DAG in rat, 31 whereas dietary n-6 PUFA improved insulin sensitivity and facilitated storage of excess FFA into IMTG but not into DAG. The mechanisms behind this may involve the level of activity of diacylglycerol acyltransferase (DAGT), which catalyze the last step in IMTG synthesis. 35 Over-expression of DAGT has been linked to improved insulin sensitivity and increased IMTG. 36 It has been speculated that increased IMTG may indirectly protect against T2DM because increased IMTG may be a marker of a facilitated catabolism toward IMTG reducing the relative content of diabetogenic DAG. 36 This inference to some extent is compatible with the present data failing to show a significant correlation between markers of impaired glucose metabolism and IMTG content. Regarding this study it is unlikely that an increased intake of dietary PUFA, for example, linoleic acid (C18:2 n-6) as shown in the rodent model 31 would be responsible for increased IMTG content and relatively decreased palmitic acids in women compared with men because IMTG linoleic acid did not show gender difference in this study whereas the rodent study showed highly increased linoleic acid in IMTG after intervention with a PUFA-rich diet. Interestingly, palmitate is poorly incorporated into IMTG 37 and palmitate incubation of human myoblasts induced DAG and ceramide production and reduced insulin stimulated glycogen accumulation. 22 SCD-1, which is the desaturase coupled to DAGT, catabolyzes unsaturation of palmitic and stearic acid to monounsaturated FA. 18 Owing to conflicting experimental data it is under debate whether over-expression of the ubiquitous SCD-1 may facilitate or inhibit insulin action. 16, 18 Nevertheless, targeted inhibition of SCD-1 by short interfering RNA in rat L6 myotubes increased the incorporation of exogenous FA into DAG and ceramides and ultimately impaired insulin-mediated glucose uptake. 23, 38 Recently, Peter et al. 19 showed that SCD-1 mRNA expression inversely related to endoplasmatic stress and inflammation and positively to lipid storage and insulin sensitivity in human skeletal muscle. As noted by Moro et al. 16 in a recent review on IMTG metabolism these above findings are compatible with a study by our group, which showed that the improvement in insulin sensitivity during a very lowcalorie diet in obese subjects is related to desaturation of IMTG. 15 An avenue of research would be to examine whether SCD-1 and DAGT gene expressions in human myocytes are gender specific, which, if demonstrated, would help interpret the present results. This study exhibits limitations, which must be considered. The participants were not included after a run in period on a controlled diet, a setting, which potentially may have had strengthened the design. Given that the quality of the diet, especially content of saturated fatty acids, is likely to impact on IMTG level, 39 the study is limited by not providing such data. However, the value of obtaining diet recalls and diet self-registration must be questioned in a population, who struggle with daily over nutrition, though such attempts are prone to significant underreporting and misreporting of caloric intake and quality of diet. The levels of IMTG content in this study were similar to prior results obtained in studies irrespective of whether these studies used a biochemical method, the oil-red staining technique or magnetic resonance spectrometry to quantify IMTG, 7, 11, [40] [41] [42] which renders highly plausible the observed IMTG concentration of about 1% in lean subjects and obese men, and 2% in obese women, respectively. The magnitude of IMTG content obtained in this study also makes it highly unlikely that the muscle biopsies, which were obtained deep in the vastus lateralis muscle, were contaminated by extramyocellular adipose tissue. The oxidative skeletal muscle fiber type1, which is more prevalent in trained than sedentary subjects, display greater IMTG content than fiber type2. 42 Although not investigated in this study, the likelihood of a skewed distribution of muscle fiber types in the relatively large muscle biopsies, which were harvested from these sedentary subjects, would be small. In summary, the data suggest that decreased saturated FA and increased monounsaturated FA of IMTG, at least in women, are linked to excess IMTG content. This association is speculated to be secondary to a low turnover rate of IMTG associated with a longer duration of activity of intramuscular desaturases, for example, SCD-1 on this lipid entity. Finally, the present findings support the notion of an effect of IMTG FA composition on insulin sensitivity and glycemic control in man.
